The paper presents the results of the die forging tests of a modified EN AW-6101 alloy with the addition of Zr, using two types of the feedstock materials. The first feedstock materials were ingots cast in a vertical semi-continuous process, the second feedstock materials were extruded rods. The die forging process was carried with parameters enabling "on line" heat treatment (T5 temper). For comparison, forgings were also heat treated to the T6 temper and to thermo-mechanical treated to the T8 and T9 temper. Then forgings made from both feedstock materials were characterised in terms of structure, mechanical properties and electrical conductivity.
Introduction
The growing demand for electricity, and a steady increase of its cost are forcing the search for ever more efficient technologies for power transmission lines. Particular interest are conducting the solutions, which enable increasing the current-carrying capacity and mechanical properties of overhead lines, such as high-temperature conductors, known as high temperature low sag (HTLS) conductors [1, 2, 3] . But in spite of access to high technologies, still very popular (due to low prices and favourable properties) are wires made ?of alloys from the 6000 series (mainly 6101 and 6201) [4] . The design of power lines is always a compromise between the cost of the project, the current carrying capacity and the size of transmission losses, and therefore it is so important to keep low resistivity (high electrical conductivity) of the wires (about 31 MS/m for wires made from the 6000 series alloys). At this point it seems pertinent to look more closely at the materials from which the connectors and fittings for power lines are produced. The best solution in this case would be a material of the same electrical conductivity as the wires it connects. Unfortunately it is difficult to combine this feature with another very important feature it should possess and which are the adequate mechanical properties. The consequence of the above mentioned difficulties is great popularity of alloys such as 6060, 2017 (A) and 6082 used as a material for the manufacture of electrical equipment, while wires are made from alloys in grade 6101 and 6201. The use for power connectors of materials so obviously different as regards their composition must result in problems related with corrosion and decrease of conductivity.
Test material
Studies were carried out on die forgings made from the EN AW-6101 alloy after modification. The feedstock material consisted of billets casted in a vertical semi-continuous system and of extruded rods [5, 6] . The choice of the feedstock for forging was dictated by economic considerations of the technology of making forged components for overhead power lines, since forging directly from cast materials enables elimination of extrusion from the technological process. Forgings made from cast feedstock are less anisotropic than their counterparts forged from extruded rods [7, 8] . Moreover, mechanical properties of forgings made from the cast feedstock are comparable with the mechanical properties of forgings made from the feedstock composed of extruded rods, and having more favourable structure can in many cases even exceed these properties. The aim of this study was to compare the structure, mechanical properties and conductivity of forgings made of various starting materials mainly in two conditions of the heat treatment, i.e. T5 and T6, and examine the possibility of the use of thermo-mechanical processing to the condition T8 and T9 [9] .
Tests were conducted on billets casted at IMN OML Skawina [3] from the EN AW -6101 alloy of the composition as stated in Table 1 . From these billets, two variants of the feedstock for further die forging tests were obtained, i.e. the feedstock extruded and the feedstock cast, all in accordance with the conditions set out in Table 2 . Figure 1 shows an example of macro-and microstructure of the cast billet and extruded rod with information on the average starting grain size obtained in these materials before die forging. The microstructures in Figure 1 show that the cast ingot has finer grains than the extruded rod. The grain refining effect resulting from the addition of Zr becomes evident only after the plastic working and heat treatment [2, 3] . 
Die forging tests
The feedstock for the forging process in the form of Ø35 mm rod was extruded on a 5MN horizontal press at IMN OML Skawina [10] . Extrusion process was conducted with "on line" solution heat treating -(option "B"), and without it (option "A"). The process parameters are shown in Table  2 . The resulting feedstock was forged on a vertical 2,5MN hydraulic press available at IMN OML Skawina [11] . The process parameters are given in Table 3 [4] . To investigate more thoroughly the metal flow behaviour before the forging test, forgings of special shape and different cross-sections were designed (Figures 2 and 3) . Photos on Figures 4-5 shows the press with instrumentation during conducting of the tests. Fig. 2 . Test-forging projected in OML Skawina For the extruded material, the whole research programme was successfully implemented, which means that, for all the heat treatment conditions (T5, T6, T8 and T9) correct forging were obtained, i.e. free from the defects and cracks, and with complete filling of the die impression. On the other hand, from the cast feedstock, correct forgings were obtained only for the T5 and T6 tempers. Trials of cold forging for the condition T8 and T9 ended in failure -the material cracked and did not fill the die impression. The cast material without previous toughening has proved to be unsuitable for so intensive cold deformation.
Results of research
The ready forgings were subjected to structure examinations, revealing the grains by Barker's method. Mechanical properties were determined in static tensile test, followed by electrical conductivity measurements. The resulting microstructures are shown on Figures 6-15 . Analysing the images of the obtained structures, it is interesting to note, that the grains show a considerable degree of growth and there is coarse-crystalline envelope formed on the material extruded and re-heated before forging or solution heat treatment carried out in furnace. A clear coarse crystalline envelope appears in nearly all variants of the extruded rods, even in those that were cooled after the extrusion process on the press run out in a "water wave" (variant "B") and then re-heated for forging or solution heat treatment. Only in rods extruded, "on-line" solution heat treated on the press run out table (variant "B"), aged artificially and then cold forged (T9 temper), the structure was very fine, homogeneous and without the coarse crystalline envelope. In forgings made from the extruded rods, re-heated after forging for the heat treatment (T6 temper, variants "A" and "B"), the structure recrystallised within its entire volume, and coarse, largely differentiated grains appeared. Similar situation occurred for the T8 temper in variant "A". The heat treatment conditions involving forging of the material after solution heat treatment (T8 temper) and solution heat treatment carried out from the forging process temperature (T5 temper) with subsequent artificial aging resulted in the structure with high degree of refinement and homogeneity of grains inside forgings, especially when using feedstock that was solution heat treated on the press run out table during the extrusion process -variant "B".
Forgings made of cast feedstock were characterised by a homogeneous structure without the coarse crystalline envelope typical for extruded rods. Forgings in the T5 temper had finer grains than in the T6 temper which is associated with partial recrystallisation of the material. Generally speaking, disregarding issues related with the presence of the coarse crystalline envelope and comparing only the internal structure, it can be seen that forgings made from cast ingots have the grain size comparable to forgings made from extruded rods heat treated to the T5 temper, while grains are definitely more refined and homogeneous in the T6 temper. In terms of the structure, the best compromise gives the thermo-mechanical processing to the T5 temper using feedstock both cast and extruded. Studies of the mechanical and electrical properties clearly demonstrated that the best mechanical parameters were ensured by heat treatment to the condition T8 and T9, while the highest electrical conductivity showed forgings in the T5 temper. Lower conductivity values obtained for cold-forged parts can be explained by the presence of crystallographic structure defects such as dislocations, vacancies, etc., formed during the forging process and hindering the flow of electrical current. On the other hand, these structural factors are highly desirable when the material hardening effect is required. For similar reasons, in the T5 temper, the conductivity is higher at the expense of lower mechanical properties -here the strain hardening is eliminated as a result of the recovery and dynamic recrystallisation at high temperature, while mechanical properties are shaped by the process of precipitation hardening. Considering the required mechanical and electrical properties, one has to choose between the high mechanical properties in the T8 and T9 temper and good conductivity in the T5 temper. In terms of the applications in power industry, the best option seems to be the T5 condition ensuring good conductivity combined with satisfactory mechanical properties.
Conclusions
1. Studies proved the possibility of using cast feedstock as an alternative to extruded feedstock when making die forged parts of power connectors. 2. The use of extruded alloys resulted in a tendency to the formation of coarse crystalline envelope, which was not present in forgings made from the cast material. 3. Using extruded and heat treated feedstock, (with additional heating in furnace for T6 condition), an intensive grain growth was observed in forgings, which is a highly undesirable phenomenon.
4. Forgings for which the feedstock was cast material after heat treatment were generally characterised by lower elongation and electrical conductivity as compared to forgings made from the extruded rods with similar or even higher mechanical properties. 5. Practically all the applied variants of the thermo-mechanical processing (forging of extruded rods) provided high electrical conductivity (29-31 MS/m).
